We have investigated a suite of Miocene high-Mg diorite porphyries from Qulong in southern Tibet, the largest porphyry Cu-Mo deposit in China. Laser ablation inductively coupled plasma mass spectrometry zircon U-Pb dating shows that the high-Mg diorite porphyry was emplaced at 15Á7 6 0Á2 Ma, which is slightly younger than the Qulong adakite-like Rongmucuola pluton Pb ¼ 39Á082-39Á116, as well as variable zircon e Hf values of À3Á0 to þ5Á9. Petrographic, elemental, and isotopic evidence suggests that the Qulong high-Mg diorites were formed by mixing between ultrapotassic and adakite-like melts, derived from metasomatized Tibetan lithospheric mantle and juvenile lower crust, respectively. In contrast, the Qulong pre-ore Rongmucuola pluton is characterized by high SiO 2 (66Á3-68Á9 wt %) and Al 2 O 3 (16Á4-17Á0 wt %) contents, high Sr/Y ratios (121-151), low compatible element contents (e.g. Ni ¼ 16Á0-17Á4 ppm; Cr ¼ 14Á5-20Á2 ppm), low Mg# values (0Á44-0Á52), positive large-ion lithophile element (LILE) anomalies, marked negative high field strength element (HFSE) anomalies, positive e Nd(t) values (þ0Á4 to þ2Á5), and low ( 87 Sr/ 86 Sr) i values (0Á704847-0Á705237). These features indicate that the Rongmucuola pluton was formed by partial melting of subduction-modified juvenile lower crust within the garnet stability field. The newly identified Qulong high-Mg diorite allows us to propose a mixing model for the origin of the Gangdese high-K, adakite-like rocks. In this model, the formation of these rocks occurred in two stages: (1) partial melting of highly metasomatized lithospheric mantle that generated ultrapotassic mafic melts; (2) underplating of such melts beneath thickened juvenile lower crust, which resulted in melting of the lower crust and the generation of adakite-like magmas. Mixing of the adakite-like melt with ultrapotassic magmas elevated the K 2 O, MgO, and other LILE (e.g. Rb and Ba) contents of the adakite-like melt. Exogenous water necessary for formation of the Gangdese porphyry Cu V C The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Porphyry Cu deposits are found mostly in island-and continental-arc settings in association with subductionrelated, calc-alkaline silicic magmas (Richards, 2003; Cooke et al., 2005; Sillitoe, 2010) . However, recent studies have shown that such deposits are also found in collisional orogenic settings, such as in the Tibetan-Himalayan orogen, including classic examples such as the Miocene Gangdese porphyry Cu belt Qu et al., 2004; Yang et al., 2009) and the Eocene Yulong-Ailaoshan porphyry Cu belt (Hou et al., 2003; Liang et al., 2006; Yang et al., 2008a Yang et al., , 2014 Lu et al., 2013a) . It is generally accepted that the parental magmas of hydrous, sulfur-rich, mineralized porphyritic intrusions in arc settings are derived from a mantle wedge metasomatized by subduction zone fluids (Richards, 2003 (Richards, , 2011 . However, the origin of ore-forming porphyritic intrusions in collisional orogenic settings, which typically have adakite-like geochemical characteristics (e.g. high Sr/Y and La/Yb), remains unclear (e.g. Lu et al., 2013b; Yang et al., 2014) .
Although ore-forming adakite-like magmas in collisional orogenic settings (e.g. Gangdese porphyry Cu belt) have been proposed to be generated by partial melting of a subducted or stalled oceanic slab (e.g. Qu et al., 2004) or by partial melting of enriched mantle metasomatized by slab-derived adakite melts (e.g. Gao et al., 2007a Gao et al., , 2010 , it is widely considered that such magmas are derived from dehydration melting of garnet-amphibolite or amphibole-eclogite in thickened lower crust (Kay & Mpodozis, 2001; Chung et al., 2003 Chung et al., , 2009 Hou et al., 2004 Hou et al., , 2009 Hou et al., , 2011 Hou et al., , 2013 Guo et al., 2007; Yang et al., 2008a Yang et al., , 2014 Xu et al., 2010; Chen et al., 2011; Li et al., 2011; Guan et al., 2012; Zheng et al., 2012a Zheng et al., , 2012b . However, average estimated maximum H 2 O contents in garnet-amphibolite or amphiboleeclogite are generally <1Á2 wt % (Leech, 2001) . Singlestage partial melting of such rocks would not produce adakite-like melts with the high H 2 O contents of the porphyry Cu-Mo-(Au) ore-forming magmas in the Gangdese porphyry Cu belt (H 2 O > 9 wt %; Lu et al., 2013b) . Therefore, exogenous water (>3 wt %) must be added to produce hydrous adakite-like melts through melting of the lower crust (Lu et al., 2003b) . However, the source of the exogenous water remains unknown.
Based on the ultrapotassic affinity of some oreforming adakite-like intrusions (e.g. high K 2 O of $6 wt %), and the close regional spatial correlation between ultrapotassic and ore-forming adakite-like rocks in the Yulong-Ailaoshan porphyry Cu belt, Yang et al. (2014) speculated that additional water may have been added during mixing with mafic ultrapotassic melt beneath thickened lower crust, given that the H 2 O content of mafic ultrapotassic magmas can be very high (e.g. $10Á7 wt % at 500 MPa; Behrens et al., 2009) . If this concept is correct, then rocks showing both adakite-like and ultrapotassic geochemical features would be expected to be present in some porphyry Cu deposits in Tibet. However, such rocks and ultrapotassic magmatic rocks have not been previously documented in the eastern Gangdese belt.
In this study, we report on a suite of high-Mg diorite porphyry rocks from a Miocene adakite-like intrusive complex at Qulong in the Gangdese porphyry Cu belt, which shows both adakite-like and ultrapotassic affinities. The main objectives of this study were as follows:
(1) to characterize the petrographic, mineral chemistry, and whole-rock chemical and isotopic features of the high-Mg diorite porphyry rocks; (2) to determine the magma sources and petrogenesis of the high-Mg diorite suite; (3) to develop a new model for the origin of Cenozoic ore-forming adakite-like magmas in southern Tibet and for the generation of porphyry Cu deposits in collisional orogens. cover rocks, whereas the southern and northern Lhasa sub-terranes are characterized by the presence of juvenile crust and Triassic-Cretaceous sedimentary cover rocks (Zhu et al., 2011 (Zhu et al., , 2013 . The Bangong-Nujiang Ocean, represented by the BNS, is thought to have closed prior to the end of the Early Cretaceous (Pan et al., 1997; Kapp et al., 2003) . The Neotethyan Ocean is now represented by the IYS, and was subducted northwards beneath the Lhasa terrane from the Late Triassic to Late Cretaceous (Aitchison et al., 2000; Chung et al., 2005; Chu et al., 2006; Yang et al., 2011) . The Neotethyan oceanic subduction gave rise to extensive Andean-type calc-alkaline magmatism, consisting of the voluminous Late Triassic to Cretaceous Gangdese batholith Zhu et al., 2011) , the Linzizong Volcanic Successions (LVS; Mo et al., 2007) , and small-volume Jurassic-Cretaceous arc volcanic rocks (Yao et al., 2006; Zhu et al., 2008 Zhu et al., , 2009 , which are exposed mainly in the southern Lhasa sub-terrane (Fig. 1b) . The closure of the Neotethyan Ocean and collision of India with Asia are thought to have occurred either at $55-50 Ma (Leech et al., 2005; Zhu et al., 2005) or during the early Cenozoic ($65 Ma; Mo et al., 2007) , which produced the Himalayan-Tibetan orogen. Since the mid-Oligocene ($26 Ma), postcollisional magmatism has been widespread in the Lhasa terrane, and consists mainly of small-volume potassic and ultrapotassic lavas and adakite-like intrusions (Fig. 1b; Turner et al., 1996; Miller et al., 1999; Chung et al., 2003; Hou et al., 2004; Nomade et al., 2004; Gao et al., 2007a) . Modern tectonism in southern Tibet is marked by north-south-trending normal faults and grabens that accommodate east-west extension ( Fig. 1b ; Molnar & Tapponnier, 1978) .
Ultrapotassic magmas are distributed extensively along the north-south-trending grabens and appear to be confined to the western Gangdese belt west of 87 E ( Fig. 1b ; Zhao et al., 2009) . The duration of the ultrapotassic magmatism has been well constrained to 24-8 Ma Nomade et al., 2004; Zhao et al., 2009) . It is generally accepted that these ultrapotassic magmas were derived by low-degree partial melting of metasomatized lithospheric mantle (Turner et al., 1996; Miller et al., 1999; Williams et al., 2004 ; Blisniuk et al., 2001; Chung et al., 2003; Hou et al., 2004 Hou et al., , 2013 Gao et al., 2007a; Zhao et al., 2009; Zhu et al., 2009 Zhu et al., , 2011 Yang et al., 2011; Jiang et al., 2012) . The age of the LVS is from Mo et al. (2007) . JSS, Jinsha Suture; BNS, Bangonghu-Nujiang Suture; SNMZ, Shiquan River-Nam Tso Mé lange Zone; LMF, Luobadui-Milashan Fault; IYS, Indus-Yarlung Zangbo Suture; SL, Southern Lhasa subterrane; CL, Central Lhasa subterrane; NL, Northern Lhasa subterrane. Miocene porphyry Cu deposits and associated adakite-like intrusions: ZN, Zhunuo; JR, Jiru; BR, Bairong; GJ, Gangjiang; CJ, Chongjiang; TG, Tinggong; NM, Nanmu; LKE, Lakang'e; JM, Jiama; BP, Bangpu; XMR, Xiamari; CBZ, Cuibaizi; TBL, Tangbula. T3, Late Triassic; J, Jurassic; K, Cretaceous. Gao et al., 2007b; Zhao et al., 2009) , although a few researchers have argued that some ultrapotassic mafic magmas originated from partial melting of enriched asthenospheric mantle (Guo et al., 2013) . The postcollisional adakite-like intrusions occur in a narrow $1500 km long east-west-trending belt along the southern part of the Lhasa terrane, which is subparallel to and 5-100 km away from the IYS (Fig. 1b) . These adakite-like rocks have strongly porphyritic to equigranular textures. Single outcrops of adakite-like stocks or dikes range in extent from <100 m 2 to 10 km 2 . Available dating constrains the duration of the adakite-like magmatism to 26-10 Ma, with a peak at 16 6 1 Ma . Adakite-like intrusions in the eastern Gangdese belt have received much attention because of their genetic association with porphyry Cu-Mo deposits such as the Qulong deposit (Fig. 1b) , where the high-Mg diorite porphyry that is the subject of the present study has recently been discovered.
Qulong is located at a latitude of 29 37 0 N and a longitude of 91 36 0 E, and is situated 50 km east of Lhasa (Fig. 1b) . It is the site of the largest porphyry Cu-Mo deposit yet found in China, and contains $7Á1 Mt of Cu with an average grade of 0Á5 wt % . The detailed geology of the deposit has been described by Yang et al. (2009) . According to that study, three main lithological units are present in the Qulong district: (1) Early Jurassic Yeba Formation consisting of intermediate-silicic lava flows and tuffs, volcaniclastic rocks, and interbedded limestone, sandstone and shale (190-174 Ma; Zhu et al., 2008) ; (2) Early Jurassic granite porphyry (zircon U-Pb age of 182Á3 6 1Á5 Ma; Yang et al., 2008b Yang et al., , 2009 ; (3) Miocene adakite-like magmatic rocks comprising the pre-ore Rongmucuola pluton, mineralization-related monzogranite porphyry (P porphyry), intermineralization monzogranite porphyry (X porphyry), and post-ore high-Mg diorite porphyry (Fig. 2) . The P and X porphyries are moderately to intensively altered, and have been the subject of previous geochemical investigations Hou et al., 2013) . The post-ore high-Mg diorite porphyry, the focus of this study, has geochemical characteristics of both adakite-like and ultrapotassic magmas. Geochemical data for the Rongmucuola pluton are presented in this study for comparison with data for the high-Mg diorite porphyry.
PETROGRAPHY
The high-Mg diorite porphyry, which typically occurs as dikes ranging from 2 to 6 m in thickness, has been found only in the center of the ore deposit (Fig. 2) . Phenocrysts in the porphyry consist mainly of plagioclase ($5%), quartz (2-3%), hornblende (2-3%), clinopyroxene (1-2%), biotite (<1%), and K-feldspar (<1%), which together account for 11-13% of the volume of the rock (Fig. 3a) . Plagioclase phenocrysts are slightly altered to a low-temperature assemblage of calcitechlorite-sericite, and have tabular, rounded to embayed shapes that range in size from 1 to 7 mm (Fig. 3a) , with occasional megacrysts up to 2 cm in size. Quartz phenocrysts (2-10 mm) are commonly rounded and embayed in shape, showing resorption textures and rounded to tabular feldspar inclusions (Fig. 3b) . Two types of hornblende phenocryst are recognized. Type I hornblende is euhedral to subhedral in shape and relatively large in size (1-5 mm), and is characterized by embayed or sieve textures that are indicative of resorption ( Fig. 3c and d) . Type II hornblende is acicular in shape and small in size (generally <1 mm; Fig. 3c and d) . Some of the type II hornblende crystals show swallow-tail terminations (Fig. 3e) , indicating that these crystals resulted from rapid crystallization. Clinopyroxene phenocrysts are small in size (generally < 0Á5 mm) and mostly broken, with the spaces between the broken clinopyroxene grains filled by matrix (Fig. 3f) . Some clinopyroxene Fig. 2 . Geological map of the Qulong porphyry Cu deposit (after Tibet Institute of Geology Survey, unpublished data; Zheng et al., 2004; Yang et al., 2009; Xiao et al., 2012) .
phenocrysts locally aggregate together as glomerocrysts (Fig. 3e) . The groundmass comprises feldspar and quartz, along with minor hornblende and biotite. The accessory mineral assemblage is dominated by apatite, magnetite, rutile, and zircon. The high-Mg diorite porphyry has experienced weak to moderate carbonate-illite-chlorite 6 epidote alteration.
The east-west-striking Rongmucuola pluton is the largest Miocene intrusion exposed in the central part of the deposit, and ranges in composition from Fig. 3 . Hand-specimen photograph, photomicrographs, and backscattered electron (BSE) images illustrating the petrographic characteristics of the Qulong high-Mg diorite porphyry (sample 2005-379) . (a) Hand-specimen photograph of the diorite porphyry at Qulong, showing the well-preserved porphyritic texture. Phenocrysts in the rock are dominated by plagioclase, quartz, and hornblende. (b) BSE image displaying resorption texture of a quartz phenocryst, which is highlighted by the white dashed line and arrow. (c) Polarized-light image showing two types of hornblende phenocrysts in the Qulong high-Mg diorite porphyry. Type I hornblende is characterized by its relatively large size, euhedral to subhedral shape, and sieve texture with the voids filled by matrix. In contrast, type II hornblende is rather small (generally <1 mm) and generally acicular. Type I hornblende in the sample exhibits minor chlorite alteration. (d) Polarized-light image showing the embayed shape of type I hornblende, which is an indication of resorption. Type I hornblende in the sample displays chlorite-epidote alteration. (e) BSE image showing the swallow-tail terminations of some acicular type II hornblendes, indicating that they were caused by quenching. A glomerocryst composed of three clinopyroxene phenocrysts in the bottom right part of the image should also be noted. (f) BSE image showing that clinopyroxene phenocrysts in the high-Mg diorite are typically broken, with spaces between the broken clinopyroxene grains being filled with matrix. Continuous growth zoning of the three broken clinopyroxene grains should be noted. White dots annotated with numbers in (c) and (d) represent sites of microprobe analyses given in Supplementary Data Electronic Appendix 1. hb, hornblende; hb (I), type I hornblende; hb (II), type II hornblende; chl, chlorite; epi, epidote; pl, plagioclase; cpx, clinopyroxene; qtz, quartz. granodiorite to monzogranite (Fig. 2) . It has a mediumto coarse-grained, hypidiomorphic-granular texture and consists mainly of medium-to coarse-grained plagioclase (35-40%), alkali feldspar (25-30%), quartz (15-20%), and minor biotite (5-10%) and hornblende ($5%). Plagioclase (3-8 mm) is subhedral to euhedral and commonly displays albite or albite-Carlsbad twinning and zoning. Alkali feldspar (3-5 mm) typically occurs interstitially to plagioclase as anhedral crystals. Biotite (0Á5-3 mm) is brown and exhibits pale yellow--brown pleochroism. The accessory mineral phases are dominantly apatite, magnetite, titanite, and rutile.
SAMPLING AND ANALYTICAL METHODS
Twenty samples of diorite porphyry and 30 samples of granodiorite were collected from drill holes and surface exposures. These samples were initially examined by optical microscopy, and eight unaltered or least altered samples of diorite porphyry from drill holes 1602 and 2005, as well as six samples of the Rongmucuola pluton, were selected for elemental and/or Sr-Nd-Pb isotopic analysis (Table 1) . One diorite porphyry sample was selected for zircon U-Pb dating and Hf isotope analysis. Detailed sampling locations are shown in Fig. 2 .
Electron microprobe analysis was conducted on clinopyroxene, hornblende, and feldspar using a JEOL JXA-8800 Superprobe at the Institute of Mineral Resources, Chinese Academy of Geological Sciences. The microprobe was operated at an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size of 5 lm. Natural minerals and synthetic oxides were used as standards. Matrix corrections were performed using the ZAF correction program supplied by the instrument manufacturer.
Whole-rock major and trace elements were analyzed at the National Research Center of Geoanalysis (NRCG), Chinese Academy of Geological Science (CAGS, Beijing). Major elements were analyzed by wavelengthdispersive X-ray fluorescence spectrometry. The 2r uncertainties for all major element are <2% relative. Trace elements, including the rare earth elements (REE), were determined by inductively coupled plasma mass spectrometry (ICP-MS) using a TJA PQ-ExCell system. Two international standards (GSR1 and GSD9) were used to monitor the analytical reproducibility. The 2r uncertainties based on repeated measurements of these standards are <10% relative for elements with abundances <10 ppm and <5% relative for those >10 ppm.
The Sr isotope ratios of powdered samples were determined by thermal ionization mass spectrometry (TIMS) using a MAT262 system at the Isotope Geology Laboratory, CAGS (Beijing). During the analytical period repeated measurements of SRM987 yielded 87 Sr/ 86 Sr ¼ 0Á710254 6 12 (2r, n ¼ 3; the recommended value is 0Á710240). The accuracy of Rb/Sr ratios was better than 0Á1%. Sr isotope mass fractionation was corrected using 88 Sr/ 86 Sr ¼ 8Á37521. Si as an internal standard and NIST610 as an external reference material. The common Pb correction followed the method described by Andersen (2002) , given that the signal intensity of 204 Pb/ 232 Th ratios in zircon 91500 were averaged over the course of the analytical session and then used to calculate correction factors. These correction factors were then applied to each sample to correct for both instrumental mass bias and depth-dependent elemental and isotopic fractionation. The age calculations and concordia diagrams were constructed using ISOPLOT (version 3.7; Ludwig, 2008) . The 91500 standard zircon has been dated at 1062Á5 6 3Á9 Ma ( 206 Pb/ 238 U age) for five measurements in this study (the recommended 206 Pb/ 238 U age is 1062Á4 6 0Á4 Ma). In situ zircon Hf isotope analyses were conducted using a Neptune MC-ICP-MS system coupled to a 193 nm LA system (GeoLas 2005) housed at the State Key Laboratory of Continental Dynamics, Northwest University in Xi'an, China. A laser repetition rate of 10 Hz operating at an energy of 100 mJ was used with a laser spot size of 44 mm. The detailed analytical procedures for Hf isotope analyses have been described by Yuan et al. (2008) . During the analysis of sample 1602-515, every 10 sample analyses were followed by one analysis of zircon standards 91500, GJ-1, and Monastery. Zircon standard 91500 (Blichert-Toft, 2008) was used as an external standard and zircon standards GJ-1 (Morel et al., 2008) and Monastery (Woodhead & Hergt, 2005) were analyzed as unknowns. The 176 Hf/ 177 Hf isotopic ratios of standard zircons are 0Á282304 6 28 for 91500 (2r, n ¼ 6; the recommended value is 0Á282306 6 8), 0Á282013 6 19 for GJ-1 (2r; n ¼ 8; the recommended value is 0Á282010 6 3) and 0Á282719 6 20 for Monastery (2r, n ¼ 6; the recommended value is 0Á282738 6 8). e Hf(t) values (the parts in 10 4 deviation of initial Hf isotope ratios between the zircon sample and the chondritic reservoir), and T C DM (zircon Hf isotope crustal model ages based on a depleted mantle source and an assumption that the protolith of the zircon host magma has the average continental crustal 176 Lu/ 177 Hf ratio of 0Á015), were calculated following Griffin et al. (2002) . We used the 176 Lu decay constant given by Blichert-Toft & Albarè de (1997); however, our conclusions would not be affected if other decay constants had been used.
ANALYTICAL RESULTS

LA-ICP-MS U-Pb zircon geochronology
The zircons are generally brownish to colorless, transparent, euhedral to subhedral, and range in size from 100 to 150 lm. CL images show that most of the zircons have clear, concentric, oscillatory growth zoning that is continuous from the core to the rim (Fig. 4a) . Locally, there are relict cores in some zircons (Fig. 4a) . The results of the LA-ICP-MS zircon U-Pb analyses are listed in Table 2 and illustrated in Fig. 4b . The Qulong highMg diorite porphyry yielded a weighted mean 206 Pb/ 238 U age of 15Á7 6 0Á2 Ma (2r, MSWD ¼ 2Á1, n ¼ 17), which represents the crystallization age of the high-Mg diorite (Fig. 4b ). Zircon sensitive high-resolution ion microprobe (SHRIMP) U-Pb ages have been previously reported for the early Rongmucuola pluton ($19Á5-16Á4 Ma; Wang et al., 2006a; Yang, 2008) , P porphyry (17Á6 6 0Á7 Ma; Hou et al., 2004) , and X porphyry (17Á7 6 0Á3 Ma; Yang, 2008) , and indicate that the Qulong adakite-like intrusive complex formed within a time interval of c. 4 Myr.
Mineral chemistry and thermobarometry
Representative major element compositions of clinopyroxene, hornblende, and feldspar from the high-Mg diorite porphyry and Rongmucuola pluton at Qulong are shown in Fig. 5 and reported in Supplementary Data, Electronic Appendices 1 and 2 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org).
Clinopyroxene phenocrysts from the high-Mg diorite porphyry sample are characterized by high Al 2 O 3 /TiO 2 ratios (3Á9-9Á8) and high Mg# (0Á91-0Á97).
The clinopyroxenes are diopsidic in composition (Wo 42-47 En 44-51 Fs 6-12 ; Electronic Appendix 1; Fig. 5a ), similar to clinopyroxenes from ultrapotassic rocks in southern Tibet . Crystallization temperatures and pressures of the clinopyroxene phenocrysts were estimated using thermobarometers for hydrous systems from Putirka et al. (2003) and equations (31), (32c) and (33) from Putirka (2008) . The whole-rock compositions of the high-Mg diorite porphyry sample were used as the liquid compositions. The results are listed in Electronic Appendix 1. The calculated temperatures using thermobarometers from Putirka et al. (2003) range from 1063 to 1162 C (average 1119 C), which are slightly higher than those (998-1141 C, average 1076 C) estimated using equation (33) from Putirka (2008) . The calculated pressures display different variation ranges, depending on the barometers used (Electronic Appendix 1). The majority of the calculated pressures using a barometer based on clinopyroxene compositions only [equation (32c) of Putirka, 2008] fall in the range 9Á4-15Á7 kbar, and are systematically higher than those estimated using barometers based on clinopyroxene-liquid equilibria [4Á5-13Á1 kbar, Putirka et al., 2003; 6Á5-14Á9 kbar, equation (31) of Putirka, 2008 ; Electronic Appendix 1]. One clinopyroxene grain predicts a relatively lower pressure of 0Á7-7Á3 kbar.
The hornblendes from the high-Mg diorite porphyry and Rongmucuola pluton are all calcic hornblende with high Mg/(Mg þ Fe 2þ ) ratios (0Á59-0Á89) based on the classification of Leake et al. (1997) . Subdivision of these calcic hornblendes according to this nomenclature shows that type I hornblende phenocrysts from the high-Mg diorite porphyry are edenite and magnesiohornblende, whereas type II hornblende phenocrysts are all pargasite (Fig. 5b) . In contrast, hornblendes from the Rongmucuola pluton are classified as edenite, magnesiohornblende and actinolite, and have similar compositions to type I hornblende phenocrysts from the high-Mg diorite porphyry (Fig. 5b) .
The pressure of calcic hornblende crystallization can be estimated using the Al-in-hornblende geobarometer (Schmidt, 1992) , where P (60Á6 kbar) ¼ À3Á01 þ 4Á76Al T , and Al T is the total number of Al atoms in hornblende per unit formula calculated on the basis of 23 oxygens. The hornblendes from the high-Mg diorite porphyry and Rongmucuola pluton have the appropriate buffering assemblages of hornblende þplagioclase þ biotite þ quartz þ K-feldspar þ magnetite, suggesting that they are suitable for estimating crystallization pressure. These results show that crystallization pressures of type I hornblendes range from 1Á1 to 1Á8 kbar, but those of type II hornblendes are significantly higher, ranging from 5Á1 to 6Á2 kbar (Electronic Appendix 1). Hornblendes from the Rongmucuola pluton yield very low pressures of 0Á3-1Á3 kbar with some apparent negative values, indicating crystallization at a very shallow depth (Electronic Appendix 1).
For the high-Mg diorite porphyry, plagioclase phenocrysts range in composition from oligoclase to andesine (An ¼ 23Á5-38Á5%), whereas plagioclase megacrysts are albite ranging in An content from 0Á8 to 5Á6% (Electronic Appendix 2). Plagioclase in the matrix of the high-Mg diorite porphyry is generally albite (An ¼ 2Á6-6Á2%), but a few of the plagioclases are oligoclase (An ¼ 22Á7%) (Electronic Appendix 2). In contrast, plagioclase in the Rongmucuola pluton is albite to andesine (An ¼ 6Á0-34Á2%; Electronic Appendix 2).
Alteration effects
The whole-rock geochemistry and Sr-Nd-Pb isotopic compositions of the high-Mg diorite porphyry and Rongmucuola pluton are reported in Tables 3 and 4, respectively. The high-Mg diorite porphyry samples have experienced weak to moderate carbonate-illite--chlorite alteration, which is consistent with their variable loss on ignition (LOI) values of 2Á32-6Á01 wt % (Table 3) . However, the Rongmucuola pluton samples are fresh, and have low LOI values of 0Á19-0Á33 wt % (Table 3 ). The alteration in the high-Mg diorite porphyry may have affected mobile element concentrations, such as Ca, Na, K, and large ion lithophile elements (LILE; e.g. Sr, Ba, Rb, and Cs; Smith & Smith, 1976) . However, Na 2 O, K 2 O, CaO, and LILE concentrations show no obvious correlation with increasing LOI, and the trace element patterns of these samples are all parallel to each other, indicating that alteration may have had a minimal effect on these mobile elements in the high-Mg diorite porphyry samples. This is also consistent with the petrographic observation that the high-Mg diorite porphyry samples have only a low-temperature alteration assemblage of calcite-chlorite-sericite, which generally would not significantly affect mobile element concentrations. Other major elements such as TiO 2 , Al 2 O 3 , total Fe 2 O 3 , MgO, and P 2 O 5 in the high-Mg diorite porphyry rocks remain broadly constant with increasing LOI, suggesting that these elements have not been modified by alteration. The REE, high field strength elements (HFSE; e.g. Nb, Ta, Zr, Hf, and Th), and transition elements (e.g. Ni and Cr) are essentially immobile even during intense hydrothermal alteration (Hawkesworth et al., 1997; Zhou, 1999; Wang et al., 2006b; White, 2013) , which is consistent with the lack of correlation between these elements and LOI. All the high-Mg diorite porphyry samples also have similar REE and trace element patterns. Therefore, major and trace elements in the highMg diorite porphyry were isochemical during minor alteration. In addition, the e Nd(t) 
Major and trace element geochemistry
The analyzed samples of the Rongmucuola pluton are high-K, calc-alkaline granodiorite ( Fig. 6a and b) . These samples have high SiO 2 (66Á3-68Á9 wt %), Al 2 O 3 (16Á4-17Á0 wt %), and Sr (840-964 ppm) contents, low MgO (1Á4-1Á7 wt %), total Fe 2 O 3 (2Á6-4Á0 wt %), and Y (5Á9-8Á0 ppm) contents (Table 3 ; Figs 6c and 7), and strongly fractionated REE patterns (Fig. 8a) . These characteristics, and strong LILE enrichment relative to HFSE and significantly negative Ta-Nb anomalies (Fig. 8b) , mimic the characteristics of both the P and X porphyries at Qulong ) and most reported adakitelike intrusions in southern Tibet (e.g. Chung et al., 2003; Hou et al., 2004; Gao et al., 2007a; Guo et al., 2007) . In contrast, the high-Mg diorite porphyry is shoshonitic (Fig. 6a) , but also shows adakite-like signatures with high Na 2 O (3Á3-4Á0 wt %) and Sr (749-1175 ppm) contents, low Y (9Á7-12Á7 ppm) and heavy REE (HREE; e.g. Yb ¼ 0Á8-1Á0 ppm) concentrations, and elevated Sr/Y (75-111) ratios (Fig. 6c) . However, compared with reported adakite-like intrusions in southern Tibet, the Rongmucuola pluton, P porphyry and X porphyry at Qulong, the diorite porphyry has relatively low SiO 2 (56Á2-60Á7 wt %) and high MgO (4Á2-5Á1 wt %) contents, and high compatible element (e.g. Ni ¼ 115-142 ppm; Cr ¼ 214-291 ppm) and LILE (e.g. Th ¼ 32Á4-48Á3 ppm; U ¼ 6Á8-9Á8 ppm) concentrations; these characteristics classify the latter as high-Mg diorite according to Shirey & Hanson (1984) .
On plots of SiO 2 versus other major elements (Al 2 O 3 , MgO, Fe 2 O 3 , TiO 2 , Na 2 O, and CaO; Electronic Appendix 3), data for the Rongmucuola pluton, P porphyry, and X porphyry fall on differentiation trends, suggesting that they formed by fractionation of a common parental magma . However, the high-Mg diorite porphyry shows distinctly different trends compared with the other Miocene intrusions at Qulong, suggesting that the high-Mg diorite porphyry probably has a different origin from the other Miocene adakite-like intrusions.
Sr-Nd-Pb isotope systematics
Sr-Nd-Pb isotopic compositions of the high-Mg diorite porphyry and Rongmucuola pluton are reported in Table 4 . These new data are plotted in 5Á07  5Á59  5Á59  4Á95  5Á32  5Á02  5Á37  3Á71  3Á80  3Á83  4Á00  3Á98  2Á64  MnO  0Á11  0Á09 Tb  0Á45  0Á45  0Á49  0Á50  0Á44  0Á49  0Á45  0Á70  0Á29  0Á27  0Á28  0Á28  0Á30  0Á26  Dy  2Á11  2Á21  2Á39  2Á52  2Á22  2Á29  2Á17  2Á65  1Á57  1Á48  1Á45  1Á49  1Á54  1Á32  Ho  0Á37  0Á39  0Á42  0Á40  0Á37  0Á40  0Á38  0Á49  0Á29  0Á25  0Á26  0Á26  0Á28  0Á24  Er  1Á02  1Á03  1Á08  1Á13  1Á01  1Á10  1Á06  1Á31  0Á81  0Á71  0Á69  0Á70  0Á70  0Á64  Tm  0Á13  0Á14  0Á14  0Á15  0Á13  0Á14  0Á13  0Á15  0Á11  0Á09  0Á09  0Á09  0Á09  0Á09  Yb  0Á85  0Á86  0Á93  0Á92  0Á80  0Á90  0Á86  1Á03  0Á71  0Á59  0Á59  0Á61  0Á65  0Á58  Lu  0Á12  0Á13  0Á14  0Á14  0Á13  0Á13  0Á12  0Á17  0Á10  0Á08  0Á09  0Á09  0Á09  0Á09  Be  4Á22  3Á93  3Á72  4Á20  3Á97  4Á10  3Á78  3Á30  1Á62  1Á61  1Á65  1Á59  1Á72  1Á69  Sc  11Á80  11Á55  12Á70  12Á50  11Á40  12Á10  10Á60  14Á80  7Á05  6Á34  6Á88  7Á24  6Á59  6Á23  V  117Á0  120Á0  131Á0  133Á0  122Á0  126Á0  112Á0  119Á0 8 8 Á1 9 2 Á8 8 9 Á1 9 9 Á9 9 8 Á5 Sr  838  942  874  1175  793  980  749  954  901  962  877  950  964  840  Y  9 Á69  9Á89  10Á60  10Á60  10Á50  10Á20  9Á89  12Á70  6Á98  6Á37  6Á69  6Á98  7Á95  5Á89  Zr  133Á0  141Á0  154Á0  161Á0  138Á0  158Á0  134Á0  172Á0 6 0 Á3 6 5 Á7 7 8 Á8 6 6 Á6 6 9 Á8 7 2 Á4  Nb  7Á12  7Á29  7Á33  7Á77  7Á66  7Á67  7Á31  7Á72  3Á28  2Á95  3Á52  3Á26  4Á18  3Á63  Mo  2Á63  2Á61  1Á74  2Á17  2Á09  2Á62  2Á12  1Á66  1Á05  1Á00  0Á87  0Á96  1Á12  1Á90  Ba  1136  1402  1321  1261  981  1210  977  1036  760  772  789  754  797  813  Hf  3Á73  3Á96  4Á26  4Á5  3 Á91  4Á39  3Á88  4Á76  1Á93  1Á98  2Á39  2Á12  2Á20  2Á29  Ta  0Á53  0Á57  0Á55  0Á58  0Á59  0Á57  0Á57  0Á48  0Á33  0Á25  0Á31  0Á29  0Á39  0Á34  Pb  54Á9  4 2007). Sr-Nd isotopic data for adakite-like porphyries in southern Tibet show large variations with ( 87 Sr/ 86 Sr) i ranging from 0Á7048 to 0Á7098 and e Nd(t) from þ3Á0 to À8Á9. However, these Sr-Nd isotopic data generally follow a mixing trend between juvenile Gangdese lower crust and the ultrapotassic rocks (Fig. 9) . Data for the high-Mg diorite porphyry and Rongmucuola pluton also fall on the same mixing line on a plot of e Nd(t) vs ( 87 Sr/ 86 Sr) i (Fig. 9) . The Rongmucuola pluton has significantly lower or more depleted initial 87 Sr/ 86 Sr (0Á704847-0Á705237) and higher e Nd(t) values (þ0Á4 to þ2Á5) than most published Gangdese adakite-like porphyries (Fig. 9) . In contrast, the high-Mg diorite porphyry has negative e Nd(t) of À5Á1 to À5Á5 and relatively high ( 87 Sr/ 86 Sr) i values of 0Á707004-0Á707198 (Table 4) , which are more radiogenic than most of the Gangdese adakite-like rocks (Fig. 9) Guo et al., 2007) , which define a very narrow array between Jurassic Gangdese arc magmas and the ultrapotassic rocks (Fig. 10) . Data for the high-Mg diorite porphyry and Rongmucuola pluton also plot between data for the Jurassic Gangdese arc magmas and ultrapotassic rocks, and generally follow the array defined by other adakite-like porphyries (Fig. 10) . Compared with published data for the Gangdese adakite-like porphyries, the high-Mg diorite porphyry has distinctly more radiogenic 207 Pb/ 204 Pb (15Á697-15Á704) and 208 Pb/ 204 Pb (39Á082-39Á116), and overlaps the field of ultrapotassic lavas (Fig. 10) . In contrast, the Rongmucuola pluton samples have relatively unradiogenic 207 
Zircon Hf isotopes
Thirty Hf isotope analyses were conducted on zircons from a sample of the high-Mg diorite porphyry (Table 5 ; Figs 4 and 11). The high-Mg diorite porphyry sample 1602-515 is characterized by variable initial e Hf values that range from À3Á0 to þ5Á9 (Table 5 ; Fig. 11) . These values are lower than those of zircons from both the Rongmucuola pluton (þ7Á3 to þ10Á2; Yang, 2008) and Jurassic Gangdese arc magmas (þ10Á4 to þ16Á8; Chu et al., 2006; Hou et al., in preparation), but are higher than or overlap those of magmatic zircons that crystallized from the ultrapotassic magmas (À7Á6 to þ3Á9; Sun et al., 2008) . As shown in Fig. 4 , the parts of the zircons selected for Hf isotope analyses have similar simple magmatic zoning and concordant LA-ICP-MS U-Pb ages, indicating that the wide range of Hf isotopic compositions is probably not caused by the involvement of inherited zircons during analysis, but reflects Hf isotopic heterogeneity of the high-Mg diorite porphyry magma. 
DISCUSSION
Petrogenesis
Rongmucuola pluton
The Rongmucuola pluton samples show adakite-like signatures characterized by high contents of SiO 2 and Al 2 O 3 , low contents of Fe 2 O 3 and compatible trace elements, strongly fractionated REE patterns with high Sr/Y (121-151) and La/Yb (28-33), low HREE abundances, strong LILE enrichment relative to HFSE, and significantly negative Ta-Nb anomalies (Figs 6-8) . These major and trace element compositions are similar to those of other Miocene adakite-like intrusions in southern Tibet (Chung et al., 2003 Hou et al., 2004 Hou et al., , 2009 Hou et al., , 2013 Gao et al., 2007a Gao et al., , 2010 Guo et al., 2007; Xu et al., 2010; Guan et al., 2012; Zheng et al., 2012a Zheng et al., , 2012b . Generally, adakite-like signatures (e.g. high Sr/Y and La/Yb) and low HREE abundances have been thought to be related to source processes. However, such signatures can also be generated by deep fractionation processes in the stability field of garnet and amphibole and outside the stability field of plagioclase (Richards & Kerrich, 2007; Chiaradia et al., 2009; Chiaradia, 2009 ). The least fractionated Rongmucuola samples also have adakite-like geochemical characteristics (Fig. 6c) , suggesting that the adakitelike signatures of the Rongmucuola pluton are more probably related to source processes; that is, the presence of residual garnet and the absence of residual plagioclase in the magma source, which is indicative of an amphibole-eclogite or garnet-amphibolite crustal source Yang, 2008) . Moreover, arc magma geochemical features such as enriched LILE and significantly depleted Ta and Nb in the Rongmucuola pluton samples, which are thought to be inherited from the magma source, further require the magma source to have been modified by subduction (e.g. Hou et al., 2004; Guo et al., 2007) .
The Rongmucuola pluton samples have positive e Nd(t) (þ0Á4 to þ2Á5), low ( 87 Sr/ 86 Sr) i (0Á704847-0Á705237), and young Nd model ages ($570-750 Ma), as well as positive zircon e Hf(t) values, which all suggest a juvenile crustal source (Table 4 ; Figs 9 and 11). These juvenile isotopic features exclude the possibility that underthrusting ancient Indian continental crust was the source of these adakite-like intrusions (e.g. Xu et al., 2010) . It has been suggested that there was intensive basaltic underplating associated with Neotethyan subduction beneath southern Tibet, which is represented isotopically by Gangdese batholith granitoids (Mo et al., 2007; Chung et al., 2009; Guan et al., 2012 Pb/ 204 Pb, data for the Rongmucuola pluton samples fall in or close to the field of Gangdese batholith granitoids, indicating that juvenile basaltic underplating from Neotethyan subduction was a potential source for the Rongmucuola pluton at Qulong ( Figs 9 and 10) . Therefore, we propose that the Rongmucuola pluton at Qulong was produced by partial melting of subduction-modified, juvenile amphibole-eclogitic or garnet-amphibolitic lower crust.
Qulong high-Mg diorite porphyry
High-Mg diorite magmatism with an Archean age was first documented from the Superior Province of North America (Shirey & Hanson, 1984) . Such magmatism is generally regarded as a minor, though widespread, component of the Superior Province (Beakhouse et al., 1999) and of other Archean terranes, such as the Pilbara Craton of western Australia (Smithies & Champion, 2000) . Phanerozoic high-Mg diorite magmatism has also been recognized from other terranes, including the Early Cretaceous examples from Kyushu, Japan (Kamei et al., 2004) and the eastern part of the North China Craton (Xu et al., 2006 (Xu et al., , 2008 Qian & Hermann, 2010) . The major and some trace element compositions Fig. 8 . Chondrite-normalized REE patterns (a) and primitive-mantle-normalized multielement patterns (b) for the high-Mg diorite porphyry and Rongmucuola pluton at Qulong, Tibet. The values for chondrite and primitive mantle were taken from Sun & McDonough (1989) . Data sources as in Fig. 6. (e.g. Cr and Ni) of Archean high-Mg diorites resemble that of Miocene high-Mg andesites (sanukite) from the Setouchi volcanic belt of Japan, which has been proposed to have originated from partial melting of hydrous mantle peridotite (Tatsumi & Ishizaka, 1982; Tatsumi et al., 2003; Tatsumi, 2006) . Therefore, it has been suggested that Archean high-Mg diorites may have a similar origin to that of the Miocene sanukite from Japan (e.g. Shirey & Hanson, 1984; Stern et al., 1989; Sutcliffe et al., 1990) . However, high-Mg diorite has much higher La/Yb ratios and Sr and Ba concentrations than sanukite and, in these respects, more closely resembles adakite that has been contaminated by mantle wedge peridotite after the ascent of adakite melt above the subducting slab (Yogodzinski et al., 1995; Rapp et al. 1999) . Four genetic models have been proposed to account for the origin of such high-Mg adakitelike diorite or andesite: (1) partial melting of subducted oceanic crust, followed by interaction with the overlying mantle wedge (Kay, 1978; Kelemen, 1995; Yogodzinski et al., 1995; Rapp et al., 1999 Rapp et al., , 2010 ; (2) partial melting of delaminated and eclogitized lower crust, followed by interaction with overlying mantle peridotite (e.g. Xu et al., 2002; Gao et al., 2004; Wang et al., 2005; Huang et al., 2008) ; (3) partial melting of enriched mantle peridotite metasomatized by slab-derived adakite melts (Smithies & Champion, 2000; Bourdon et al., 2002; Gao et al., 2007a) ; (4) mixing between mafic and silicic magmas (Streck et al., 2007; Chen et al., 2013) . As discussed below, the first three models can be ruled out for the Pb for the high-Mg diorite porphyry and Rongmucuola pluton at Qulong, Tibet. Pb isotopic compositions of subduction-modified, juvenile Gangdese belt lower crust are represented by Jurassic Gangdese arc magmas . It should be noted that the Gangdese adakite-like rocks and Qulong high-Mg diorite porphyries typically plot along a narrow array between Jurassic arc magmas (a proxy for juvenile Gangdese lower crust) and ultrapotassic rocks in both diagrams, supporting a magma mixing origin. DM, depleted mantle; MORB, mid-ocean ridge basalt; NHRL, northern hemisphere reference line. Data sources: ultrapotassic rocks from Miller et al. (1999) , Ding et al. (2003) , and Gao et al. (2007b) ; Gangdese adakite-like rocks from Miller et al. (1999) , Williams et al. (2001) , Hou et al. (2004) , Rui et al. (2004) , Gao et al. (2007a Gao et al. ( , 2010 and Guo et al. (2007) .
genesis of the high-Mg diorite porphyry at Qulong. Instead, we favor a magma mixing model, based on the tectonic setting, petrography, mineral chemistry, zircon U-Pb dating, and chemical and isotopic characteristics of the high-Mg diorite porphyry at Qulong.
The high-Mg diorite at Qulong was emplaced at $16 Ma, which is at least $35 Myr later than the cessation of Neotethyan oceanic subduction and the collision between India and Asia prior to 50 Ma ( Fig. 4 ; Yin & Harrison, 2000; Chung et al., 2005; Zhu et al., 2005; Mo et al., 2007) . Break-off of the Neotethyan oceanic slab is believed to have taken place during the early Eocene ($50-45 Ma), and the detached slab is likely to have sunk into the deep mantle during the late Eocene (DeCelles et al., 2002; Kohn & Parkinson, 2002; Wen et al., 2008) . Therefore, the lack of Miocene oceanic subduction rules out the possibility that the Qulong highMg diorite porphyry originated by partial melting of subducted oceanic crust, followed by interaction with the overlying mantle wedge.
There is also no evidence for delamination of lower crust in southern Tibet during the Miocene, which indicates that the Qulong high-Mg diorite porphyries were unlikely to have originated by partial melting of delaminated eclogitized lower crust, followed by interaction with the overlying mantle wedge. Although geophysical data reveal that the present crustal thickness of southern Tibet is c. 70-80 km, which is twice that of normal crust (Zhao et al., 2001) , the crustal thickness during the early Miocene is thought to have been much less. For example, most studies consider that the crustal thickness of southern Tibet was $45-50 km during the Miocene, based on the presence of adakite-like magmatism at that time (e.g. Chung et al., 2003 Chung et al., , 2009 Hou et al., 2004 Hou et al., , 2009 Guan et al., 2012; Zheng et al., 2012b) . A few studies have even suggested that the crustal thickness of southern Tibet was no more than $35 km during the early Miocene (e.g. Nomade et al., 2004; Gao et al., 2007a; Xu et al., 2010) . In any case, it is improbable that delamination of lower crust took place beneath southern Tibet in the Miocene.
The Qulong high-Mg diorite porphyries are also unlikely to have been derived by partial melting of mantle peridotite metasomatized by slab-derived adakite melts. Although several Cretaceous slab-derived adakite rocks have recently been recognized from the southern part of the Gangdese belt, these Cretaceous slab-derived adakites occur close to the IYS (e.g. only $3 km north of the IYS for the Mamen adakite; Fig. 1b Hf (t) e Hf(t) 1r T DM1 (Ga) T DM2 (Ga) Hf) CHUR Â (e kt -1)] -1}. Hf ratios of chondrite and depleted mantle at present are 0Á282772 and 0Á0332, 0Á28325 and 0Á0384, respectively (Blichert-Toft & Albarè de, 1997; Griffin et al., 2000) . k ¼ 1Á867 Â 10 -11 a -1 (Soderlund et al., 2004 Pb/ 238 U age (15Á7 Ma) of the sample was used for calculation of Hf isotope values at time (t). Jiang et al., 2012) . Thus, it has been suggested that the northwards subduction of Neotethyan oceanic crust beneath the Gangdese belt was at a very steep angle in early Cretaceous times . However, the Qulong high-Mg diorite porphyry intrusions occur $45 km north of these Cretaceous slab-derived adakites, suggesting that the lithospheric mantle beneath Qulong was unlikely to have been metasomatized by Cretaceous slab-derived adakite melts (Fig. 1b) .
The petrological, geochemical, and isotopic evidence highlighted below suggests that the Qulong high-Mg diorite porphyry intrusions were produced by magma mixing between lithospheric mantle-derived ultrapotassic melts and crust-derived silicic adakite-like melts as represented by the Rongmucuola pluton.
1. The Qulong high-Mg diorite porphyry displays disequilibrium petrographic characteristics, such as resorption and sieve-textured hornblende phenocrysts, which are indicative of magma mixing ( Fig. 3 ; Streck et al., 2007; Chen et al., 2013) . Clinopyroxene phenocrysts from the Qulong high-Mg diorite porphyry have high Mg# (0Á91-0Á97) and similar chemical compositions to those from the ultrapotassic lavas, suggesting a genetic link with mantle-derived ultrapotassic melts ( Fig. 5a ; Turner et al., 1996; Zhao et al., 2009 ). 2. High MgO (4Á2-5Á1 wt %), Cr (214-291 ppm), and Ni (115-142 ppm) concentrations require a mantle component in the genesis of the Qulong high-Mg diorite, which is consistent with the input of mantle-derived ultrapotassic melt (Table 3 ; Shirey & Hanson, 1984; Stern et al., 1989; Smithies & Champion, 2000 Smithies & Champion, 2000) . We suggest that the adakite-like signature was inherited from an adakite-like, crustal, silicic melt, such as that represented by the Rongmucuola pluton (Fig. 6c) . On chondrite-normalized REE and primitive-mantle-normalized multielement plots, data for the Qulong high-Mg diorite porphyry samples fall between data for the ultrapotassic rocks and the Rongmucuola pluton, which also supports a mixing model (Fig. 8) .
Compared with the Rongmucuola pluton, the input of ultrapotassic melt resulted in elevated K 2 O and Sr, but lower Sr/Y, in the Qulong high-Mg diorite porphyry (Fig. 12) . This is consistent with previous studies that have suggested that enriched-mantlederived melt dilutes the adakite-like signatures in crustal melts (e.g. Lu et al., 2013c) . 3. The mixing model is also supported by radiogenic isotope data. As shown in the plot of ( 87 Sr/ 86 Sr) i vs e Nd(t) , data for the high-Mg diorite porphyry samples lie on a mixing curve between data for the ultrapotassic rocks and data for the Rongmucuola pluton (Fig. 9) Pb/ 204 Pb compositions of the high-Mg diorite porphyry samples are intermediate between those of the Rongmucuola pluton and the ultrapotassic rocks, which is consistent with mixing between these two end-members (Fig. 10) . Additionally, zircon e Hf(t) values in the Qulong high-Mg diorite are variable (À3Á0 to þ5Á9), but are transitional between those of the ultrapotassic rocks and the Rongmucuola pluton, which again supports a mixing origin (Fig. 11) .
In our magma mixing model, the generation of the Qulong high-Mg diorite porphyry first involved partial melting of highly metasomatized Tibetan lithospheric mantle that was triggered by postcollisional lithospheric thinning and asthenospheric upwelling, which produced primitive, high-Mg ultrapotassic magmas ( Fig. 13a ; Turner et al., 1996; Miller et al., 1999) . Underplating of these hot, mantle-derived magmas beneath subduction-modified thickened lower crust (>45 km) would have resulted in melting of the lower crust within the garnet stability field, which led to the generation of adakite-like magmas, such as those of the Rongmucuola pluton at Qulong (Chung et al., 2003 Hou et al., 2004 Hou et al., , 2009 Guo et al., 2007) . Mixing of the high-Mg ultrapotassic magmas with the adakite-like melts may have occurred in a lower-crustal hot zone. This process would have decreased the MgO, K 2 O, LILE Fig. 11. e Hf(t) histogram of zircons from the high-Mg diorite porphyry at Qulong, southern Tibet. Hf isotopic compositions of subduction-modified, juvenile Gangdese lower crust are represented by those of Jurassic Gangdese arc magmas (Chu et al., 2006; Hou et al., in preparation) . Data for the high-Mg diorite porphyry, as well as for the Rongmucuola pluton, lie exactly between the data for Jurassic Gangdese arc magmas and Miocene ultrapotassic rocks, supporting an origin by mixing between ultrapotassic and lower-crust-derived (adakite-like) melts. Data sources: Rongmucuola pluton from Yang (2008) ; ultrapotassic rocks from Sun et al. (2008) ; Jurassic Gangdese arc magmas from Chu et al. (2006) and Hou et al. (2015) .
(e.g. Rb and Ba), and LREE contents, but imparted adakite-like signatures to the ultrapotassic magmas, and formed the Qulong high-Mg adakite-like diorite magma.
Our petrographic observations and the mineral chemistry of the Qulong high-Mg diorite porphyry show that mixing of ultrapotassic magma with adakite-like melt may also have occurred in the upper crust. As described above, phenocrysts in the high-Mg diorite porphyry can be subdivided into two groups (I and II) according to size and texture. Group I includes type I hornblende, quartz, and plagioclase phenocrysts that are typically relatively large (1-20 mm) and generally show resorption textures (Fig. 3b-d) . Group II includes type II hornblende and clinopyroxene phenocrysts, which typically have columnar to acicular shapes with small size (<1 mm) (Fig. 3c-f) . The Al-in-hornblende geobarometer suggests that type II hornblende phenocrysts crystallized at pressures ranging from 5Á1 to 6Á2 kbar, which corresponds to a paleodepth of 20-25 km (average $22 km) under lithostatic pressure (Electronic Appendix 1; Schmidt, 1992) . The clinopyroxene and clinopyroxene-liquid barometers both indicate that Group II clinopyroxene phenocrysts may even have formed at higher pressures (5-16 kbar; Electronic Appendix 1) than the type II hornblende phenocrysts, suggesting that the clinopyroxene phenocrysts crystallized from an ultrapotassic-like melt at depth of $>20 km . In contrast, type I hornblende phenocrysts crystallized at much lower pressures of 1Á1-1Á8 kbar (average 1Á5 kbar), corresponding to a paleodepth of 4Á4-7Á2 km (average $6 km) under lithostatic pressure (Electronic Appendix 1; Schmidt, 1992) . In addition, the compositions of type I hornblende phenocrysts differ significantly from those of type II hornblende phenocrysts, but are similar to hornblende from the Rongmucuola pluton, which was emplaced at c. 1Á3 kbar pressure (Electronic Appendix 1; Fig. 5b ). This feature suggests that type I hornblende phenocrysts and, possibly, group I quartz and plagioclase phenocrysts all crystallized in an adakite-like magma chamber at ca. 6 km depth (Fig. 13b) . The ultrapotassic magmas resided within the crust and crystallized type II hornblende and clinopyroxene at $20-25 km depth before being injected to shallower levels (c. 6 km). The injection of the ultrapotassic melts into the shallower level (c. 6 km) adakite-like magma chamber introduced the type II hornblende and clinopyroxene and resulted in the resorption textures of the Group I phenocrysts and, in particular, of the type I hornblende phenocrysts owing to compositional disequilibrium.
Hidden ultrapotassic magmatism beneath eastern Gangdese
The formation of widespread mantle-derived Miocene ultrapotassic rocks in the Gangdese belt is generally thought to have resulted from a significant thermal perturbation owing to the convective removal of the lower portion of the thickened Lhasa lithosphere (Turner et al., 1996; Miller et al., 1999 ) although other researchers have argued that these ultrapotassic mafic magmas were related to rollback of the subducted Indian lithospheric mantle slab (Guo et al., 2013) . This removal is also thought to be responsible for the east-west extension and uplift of the plateau (e.g. Platt & England, 1993) , and the ages of the ultrapotassic rocks have therefore been used to constrain the timing of the convective mantle removal event (e.g. Fig. 13 . Schematic illustration showing a petrogenetic model for the ore-forming, adakite-like porphyries in southern Tibet. In our model (a), it is emphasized that the generation of the ore-forming porphyries generally comprised at least two stages: (1) partial melting of highly metasomatized continental lithospheric mantle-generated ultrapotassic magma; (2) underplating of ultrapotassic magma beneath thickened lower crust, which released water because of fluid exsolution and triggered melting of the subductionmodified thickened lower crust, forming H 2 O-rich, ore-forming, high-K adakite-like magmas. (b) Ultrapotassic magma had risen up to shallower crustal levels (20-25 km) from lower-crustal depths or directly from its magma source, forming a magma reservoir. The injection of the ultrapotassic melt from such a magma reservoir (20-25 km) into the upper-crustal ($6 km) adakite-like magma chamber introduced the type II hornblende and clinopyroxene and resulted in H 2 O transfer from the ultrapotassic magma to the adakite-like melt. Turner et al., 1993; Chung et al., 1998; Williams et al., 2001; Zhao et al., 2009) . If this were the case, then ubiquitous removal of the lower part of the thickened Lhasa lithosphere can be expected to have occurred along the whole Gandese belt, given the similar present-day elevations of the western and eastern parts of the Lhasa terrane (Royden et al., 1997) . However, no contemporaneous ultrapotassic rocks have been reported from the eastern Gangdese belt, which brings into question whether such a removal event occurred beneath the eastern Lhasa terrane (east of 87 E; Fig.  1b) . The high-Mg diorite porphyry with ultrapotassic affinity at Qulong provides the first indirect evidence for the presence of ultrapotassic magmatism in the eastern Gangdese belt, and supports the hypothesis that removal of the lower part of the thickened Lhasa lithosphere also took place beneath the eastern Lhasa terrane (east of 87 E). The reason why ultrapotassic rocks are rare in the eastern Lhasa terrane (east of 87 E) but are common in the western Lhasa terrane (west of 87 E) probably relates to variations in crustal structure. As shown in fig.  1a of Blisniuk et al. (2001) , north-south-trending normal faults, which are widely regarded as an indicator of crustal extension, occur mainly in the area west of 87 E, but are absent in the area east of 91 E (Fig. 1b) . It is therefore suggested that the crust in the area west of 87 E experienced more late Miocene extension than did the crust in the area east of 91 E. Miocene ultrapotassic volcanism was thus facilitated in an extensional regime in the area west of 87 E, but was inhibited in the area east of 91 E. The Qulong high-Mg diorite with ultrapotassic affinity clearly demonstrates that partial melting of enriched lithospheric mantle and the generation of ultrapotassic magmas occurred beneath the whole Gangdese belt.
Implications for the genesis of high-K adakitelike rocks in southern Tibet
The high K 2 O contents (up to 7 wt %; Fig. 6a ) and variable geochemical and radiogenic isotopic characteristics (Figs 9 and 10) of the Gangdese adakitelike rocks have resulted in much debate on their origins (e.g. Chung et al., 2003; Hou et al., 2004; Gao et al., 2007a Gao et al., , 2010 Xu et al., 2010) . The dominant view is that mineralization-related, high-K, adakite-like rocks in southern Tibet were derived by the partial melting of subduction-modified, juvenile lower crust (e.g. Chung et al., 2003 Chung et al., , 2009 Hou et al., 2004 Hou et al., , 2013 Guo et al., 2007; Li et al., 2011; Zheng et al., 2012a Zheng et al., , 2012b . However, Gao et al. (2007a Gao et al. ( , 2010 argued that these Gangdese adakite-like rocks could have been generated by partial melting of upper mantle metasomatized by slab-derived melts, based on the high Mg# values of some adakite-like intrusions and positive correlations between Mg# and K 2 O and strongly incompatible elements (e.g. Sr; Fig. 12a and b) .
The Rongmucuola pluton at Qulong has high contents of SiO 2 and Al 2 O 3 and low contents of MgO and compatible trace elements, which supports an origin from subduction-modified lower crust (Chung et al., 2003 Hou et al., 2003 Hou et al., , 2013 Guo et al., 2007) rather than upper mantle metasomatized by slab-derived melts (Gao et al., 2007a (Gao et al., , 2010 . Compared with the Qulong high-Mg diorite porphyry, most Gangdese high-K adakite-like rocks have lower contents of MgO (generally <2 wt %; Fig. 7a ) and compatible trace elements (generally <30 ppm for Cr and <20 ppm for Ni; Hou et al., 2004; Gao et al., 2007a Gao et al., , 2010 Xu et al., 2010; Guan et al., 2012; Zheng et al., 2012b) , and this argues against the possibility that they were generated by partial melting of upper mantle metasomatized by slab-derived melts (Gao et al., 2007a (Gao et al., , 2010 .
The Qulong high-Mg diorite shows that the large geochemical and isotopic variations of the Gangdese high-K adakite-like rocks can be best reconciled by a magma mixing model as proposed by Hou et al. (2004) and Guo et al. (2007) , which involves mixing of ultrapotassic melt with juvenile lower-crust-derived adakitelike melt. The mixing model is supported by positive trends between Mg# and K 2 O and Sr and a negative trend between Mg# and Sr/Y, suggesting that the input of ultrapotassic melt increased K 2 O and LILE but decreased the Sr/Y values of the mixture (Figs 6c and  12c) . Moreover, the variable Sr-Nd-Pb isotopic compositions of the Gangdese adakite-like rocks are also compatible with the mixing model. As shown in Figs 9 and 10, data for most of the Gangdese adakite-like rocks plot along a mixing curve defined by the ultrapotassic rocks and subduction-modified lower crust as represented by Gangdese batholith granitoids .
Implications for the generation of porphyry Cu deposits in collisional orogens
Water is the major factor affecting the Cu ore-forming fertility of porphyry intrusions (Rohrlach & Loucks, 2005; Loucks, 2014) . For porphyry Cu deposits in islandor continental-arc settings, the high H 2 O contents of the mineralization-related magmas are generally thought to originate by release of fluids from the dehydrating slab (e.g. Richards, 2011) or as a result of H 2 O building up during intracrustal evolution of initially undersaturated mantle-derived melts (e.g. Rohrlach & Loucks, 2005; Richards & Kerrich, 2007; Chiaradia et al., 2009 Chiaradia et al., , 2012 Chiaradia, 2014) . However, for porphyry Cu deposits in collisional orogens such as the Gangdese porphyry Cu belt the origin of H 2 O in the mineralization-related magmas is highly enigmatic, because of the absence of oceanic subduction when these deposits formed. Based on a geochemical comparison between fertile and barren porphyry intrusions from the Gangdese porphyry Cu belt, Hou et al. (2009 Hou et al. ( , 2011 suggested that the H 2 O necessary for the Gangdese porphyry Cu systems was probably released through the breakdown of hornblende during melting. However, as argued by Lu et al. (2013b) and Yang et al. (2014) , single-stage partial melting of amphibole-eclogite or garnet-amphibolite in the lower crust would not produce adakite-like melts having the high H 2 O contents (>9 wt %; Lu et al., 2013b) of the porphyry Cu-Mo-(Au) ore-forming magmas in southern Tibet. Significant additional water must be added to produce the adakite-like melts by melting amphiboleeclogite or garnet-amphibolite lower crust (Kay & Mpodozis, 2001) .
The high-Mg diorite porphyry at Qulong confirms that mixing between ultrapotassic and adakite-like magmas took place beneath the Qulong deposit during the late Miocene. Water solubility in mafic ultrapotassic magmas is rather high (e.g. $10Á7 wt % at 500 MPa), and it increases with increasing pressure (Fig. 13c ; Behrens et al., 2009) . Therefore, it is expected that fluid exsolution would take place upon the ascent of mafic ultrapotassic magmas from their source ($100 km) into the lower part ($70 km) of the crust (Yang et al., 2014) . We thus consider that the hypothetical model for the H 2 O source of the Yulong porphyry Cu systems proposed by Yang et al. (2014) is appropriate to explain the origins of the significant additional water necessary to form the Gangdese porphyry Cu systems.
Our petrographic observations and mineral chemistry data for the Qulong high-Mg diorite porphyry show that mixing between ultrapotassic and adakite-like magmas can also occur at upper crustal depths ($6 km; Fig. 13b ), which is more complex than originally considered (Yang et al., 2014) . Generally, magmas at deeper crustal levels will cool more slowly and acquire an equilibrium texture (Candela, 1997) . The quench textures (swallow-tail terminations) of the type II hornblende phenocrysts that formed at 20-25 km depth were more probably caused by fluid escape from mafic ultrapotassic magma, suggesting fluid saturation of the mafic ultrapotassic melt at 20-25 km depth. This implies that multistage H 2 O addition resulted from the mixing of ultrapotassic magma with adakite-like melt, which took place in both the lower and upper crust (Fig. 13) .
Additionally, upper-crustal fractionation of the Rongmucuola magma could also possibly increase the water content of the mineralization-related, adakite-like P and X porphyry intrusions at Qulong, as H 2 O would be expected to be built up during intracrustal differentiation (e.g. Rohrlach & Loucks, 2005; Richards & Kerrich, 2007; Chiaradia et al., 2009 Chiaradia et al., , 2012 Chiaradia, 2014; Loucks, 2014) .
CONCLUSIONS
A detailed petrographic and geochemical comparison of the $19Á5-16Á4 Ma pre-ore, adakite-like Rongmucuola pluton with the $15Á7 Ma post-ore, high-Mg diorite porphyry at Qulong, southern Tibet, has revealed different petrogenetic histories, which provides important insights into the origin of high-K adakite-like rocks in the Gangdese belt and into the genesis of porphyry Cu-Mo deposits in collisional orogens. The main findings of this study are as follows. the high-Mg diorite porphyry, indicate that the Rongmucuola pluton was formed by the partial melting of subduction-modified amphibole-eclogite or garnet-amphibolite in the lower crust, with little or no mixing of mantle-derived ultrapotassic melt. 3. A magma mixing model is proposed to explain the high K 2 O contents and variable chemical and radiogenic isotopic characteristics of the Gangdese belt adakite-like rocks. In our model, the formation of the Gangdese adakite-like rocks occurred in two stages: (a) partial melting of highly metasomatized lithospheric mantle that generated ultrapotassic mafic melts; (b) underplating of such melts beneath thickened juvenile lower crust, which resulted in melting of the lower crust and the generation of adakite-like magmas. Mixing of the adakite-like melt with the underplated ultrapotassic magmas elevated the K 2 O, MgO, and LILE contents of the adakite-like melt, thereby generated the Gangdese belt high-K adakitelike magmas. 4. The water necessary for the Gangdese porphyry Cu systems was mainly added during the mixing of ultrapotassic magma with adakite-like melts at both lower-and upper-crustal depths, owing to the large decrease in H 2 O solubility in the ultrapotassic mafic melt upon ascent and decompression. Upper crustal differentiation of the Rongmucuola magma could also possibly increase the water content of the mineralization-related, adakite-like P and X porphyry intrusions at Qulong. The input and fluid exsolution of ultrapotassic melt is considered to be a key process in the generation of the Gangdese porphyry Cu systems, as well as that of other porphyry Cu deposits in Tibetan collisional orogens.
